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In a multi-partite system, the multipartite concurrence of the entire system differs from the sum of the bipartite
concurrences of its components. For a system with an even number of components, the relation between them
is described by a monogamy inequality that compares the bipartite concurrences of two subsystems comprising
even-number components and those of two subsystems comprising odd-number components. The difference
between the even and the odd clusterings is exactly quantified by a polynomial invariant. We study the dynamic
evolution of the polynomial invariant on three superconducting qubits inhomogeneously coupled to a circuit
cavity. We show that in this quadripartite system, the non-negativity of the degree-4 invariant holds strictly
over time and vanishes periodically. The magnitude of the invariant increases monotonically with the absolute
coupling strength while the period of the vanishing and revival maximizes when the couplings among the qubits
are inhomogeneous, showing the benefit of asynchronous qubit excitations in extending entanglement time.
I. INTRODUCTION
The quantum entanglements among the components of a
multipartite system have demonstrated many qualitative prop-
erties, such as convexity of entanglement measure [1], invari-
ance of polynomial measures [2], and monogamy of entan-
glements among the subsystems [3]. For the latter, monogamy
refers to the inequality relations that, taking a tripartite system
as an example, the sum of entanglements between one compo-
nent and the other two acting as individuals (the monogamic
entanglements) is bounded by the entanglement between that
same component and the party formed by the remaining two
components (the group entanglement) [4]. Monogamy, as
a universal weak inequality, has been proved under vari-
ous entanglement measures, such as entanglement of forma-
tion [5, 6], polynomial invariant [7], and negativity [8, 9].
Using the definition of the generalized concurrence [10, 11],
the monogamy inequality is extended to bipartite entangle-
ments among an N -qubit system [12, 13] and among a mul-
tipartite high-dimensional system [14]. When the difference
between the monogamic entanglements and the group entan-
glement vanishes, the inequality would reduce to its equality
limit. This measured difference is termed 3-tangle for a tripar-
tite system [4, 15, 16] and polynomial invariant for a general
multipartite system [7]. The latter can be used to distinguish
a |W 〉 state from a |GHZ〉 state [17].
On the other hand, entanglement, in general, fades away
with time along with the qubit spontaneous emission [18]. It
can, however, be revived when the qubits are coupled to a vac-
uum field [20], and with the assistance of a pumping field, be
revived periodically [21]. The cyclic vanishing and revival
is used to characterize state transfer [22] and nonlinear dy-
namics [23] in optomechanical systems. Recently, the entan-
glement revival is experimentally verified in an optical sys-
tem [24] and a diamond nuclear-spin system [25].
Combining the two aspects discussed above, we study how
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the polynomial invariant vanishes for a physical system over
time. We focuses on the quadripartite qubit chain [26, 27]
comprising of three qubits that are commonly coupled to a
cavity field, for which the dynamic evolution of the degree-
4 polynomial invariant, termed 4-tangle, is measured. Em-
ploying a model based on circuit quantum electrodynamics
(cQED) [28] and using parameters from transmon qubits [29],
we find that the monogamous inequality of the system is pre-
served during the evolution but the 4-tangle does not remain a
static value.
We find that the 4-tangle varies periodically, exhibiting a
cyclic revival of entanglement and thus a cyclic return to the
monogamous equality bound. The maximal value that the en-
tanglement measure can obtain increases monotonically with
the absolute coupling strength when the qubit-cavity coupling
is uniform among the qubits, providing a positive correlation
between monogamy and coupling strength. The period of
the revival depends nonlinearly on the relative strength with
which the cavity couples to the center qubit, in reference to
its coupling to a side qubit when the coupling is not uni-
form. In particular, the period maximizes when the relative
strength equals 0.35, showing that the inhomogeneity of cou-
pling (thus asynchronous excitations to the qubits) affects the
generation of entanglement, extending the scope of the role
played by inhomogeneity [30, 31] to quantum dynamics and
chaotics. In the following, we present the model of a quadri-
partite system in Sec. II and define the measure of 4-tangle in
Sec. III. The discussion relevant to the periodicity appearing
in the monogamy inequality is presented in Sec. IV before the
conclusions are given in Sec. V.
II. QUADRIPARTITE SYSTEM
Illustrated in Fig. 1, the system comprises a cavity resonator
made of a waveguide stripline and three superconducting
qubits, where we use the indicators L (left),M (middle), and
R (right) to distinguish them. Then, using Pauli matrices for
the two-level qubits of transition frequencies {ΩL,ΩM ,ΩR}
and a pair of creation and annihilation operators for the cavity
2Qubit M
Qubit L Qubit R
e
 -iω t
D
FIG. 1. Schematic illustration of the quadripartite system: three su-
perconducting qubits are distributed along a stripline resonator (dark
gray rectangle). Two qubits are located at the antinodes of the cavity
field in the resonator while one in between has a variable location.
The resonator is fed by a microwave driving field from the left along
the waveguide.
field of frequency ωc, the free energy part of the Hamilto-
nian (~ = 1) reads H0 = ωca
†a +
∑
ν Ωνσν,z . The index
ν ranges over {L,M,R} hereafter, to simplify the expres-
sions. The interaction part corresponds to the qubit-resonator
coupling, in the rotating-wave approximation, with individual
(unequal) coupling strengths ηL, ηM and ηR, letting the inter-
action Hamiltonian beHint =
∑
ν ην
(
aσν,+ + a
†σν,−
)
. The
direct inter-qubit coupling is neglected.
We consider qubit L and qubit R placed at the edges of the
stripline resonator, i.e. located at antinodes of the cavity field,
and thus always maximally coupled to the cavity field. Qubit
M is placed between the qubitsL andR and we allow its loca-
tion to be variable such that ηM be tunable between the max-
imal coupling attained by ηL (and ηR) and the minimal (van-
ishing) coupling if it is located at a field node. The cavity field
is driven by an external microwave field with frequency ωD
and a weak driving amplitude εD [32], making the external
part of the Hamiltonian beHext = iεD
(
a†e−iωDt − aeiωDt).
To derive the evolution dynamics of the quadripartite sys-
tem, we first diagonalize the closed subsystem consisting of
H0 and Hint. Under weak driving, only the low-excitation
number states |0〉 and |1〉 of the cavity mode are considered,
giving rise to 16 dressed states, transformable from the tensor
product states contributed by the cavity mode and the qubit
eigenstates. Hence, writing the dressed states as |uk〉 with
associated eigen-energies Ek, we have (H0 + Hint) |uk〉 =
Ek |uk〉, where the index k ranges over {0, ..., 15}. The trans-
formation between the dressed state and the bare states reads
|uk〉 =
∑
〈m〉
[
α
(k)
m,0 |φm, 0〉+ α(k)m,1 |φm, 1〉
]
(1)
where m gives a decimal index converted from the binary
combinations of the qubit states, where the ground state |g〉
is designated by 0 and the excited state |e〉 by 1. The state
of the qubit L (qubit R) indicates the most (least) significant
bit, making m range over the integers between 0 and 7. For
example, |eL, gM , gR, 1〉 = |e, g, g, 1〉 = |φ4, 1〉. Also, α(k)m,n
indicates the transformation coefficients for the k-th dressed
state.
In the space spanned by the basis states of Eq. (1), the ef-
fect of the photonic creation and annihilation are distributed
across all dressed states. Therefore, before we can derive the
equation of motion of the system, we transform the operator a
that appears in Hext into the dressed basis, i.e.
a = IL ⊗ IM ⊗ IR ⊗ a
=
∑
〈m〉
|φm, 0〉〈φm, 1|
=
∑
j,k
γjk |uj〉 〈uk| , (2)
where γjk = 〈uj | a |uk〉 =
∑
〈m〉 α
(j)∗
m,0α
(k)
m,1. Consequently,
the total Hamiltonian is written as
H =
∑
k
Ek|uk〉〈uk| − iεD
∑
k,j
[
eiωDtγkj |uk〉〈uj | −H.c
]
.
(3)
Writing the time-dependent state vector as |ψ(t)〉 =∑
k ck(t)|uk〉, we arrive at the Schro¨dinger equation of the
coefficients {ck}:
d
dt
ck(t) = −iEkck(t)− εD
∑
j
[
eiωDtγkj − H.c.
]
cj(t).
(4)
In the following, the determination of entanglement will be
carried out from the state coefficients under the bare-state ba-
sis, i.e. transforming back the dressed states, we have
βm,n(t) =
∑
k
ck(t)α
(k)
m,n (5)
for the vector |ψ(t)〉 = ∑〈m〉 βm,0(t) |φm, 0〉 +
βm,1(t) |φm, 1〉.
III. EVOLUTION AND FOUR-TANGLE
The partitioning of the bipartite and the quadripartite entan-
glements that evolves with time is reflected in the coefficients
βm,n(t). To be exact, we follow the custom definition of poly-
nomial invariant [7], which reflects the degree of monogamy
in the entanglement, to arrive at the specific degree-4 invariant
|H(t)|2 = 1
2
3∑
j=1
(−1)j+1
∑
{j}
C2{j}|{4−j} [ψ(t)] (6)
for the quadripartite system under study. Hereafter, we will
call |H(t)|2 4-tangle because it is an equivalent extension of
the 3-tangle introduced for a tripartite system [4]. The con-
currence between a j-component subsystem and the rest parts
is defined as [4, 7]
C2{j}|{4−j} [ψ] = 2
(
1− trρ2{j}
)
(7)
3for pure system states, where ρ{j} denotes the reduced density
matrix for the j components with the rest (4− j) components
traced out. The sum over {j} in Eq. (6) is taken over all com-
binations of j components out of the four (e.g. when j = 2,
the index {2} includes the combination of qubit L and qubit
R).
In the quadripartite system, the cavity field in the stripline
resonator acts as a quantum bus that simultaneously couples
to all three qubits. It serves, therefore, as a mediator that
distributes entanglement among all components it couples to,
similar to the role played by the mechanical resonator in a
double-optical-cavity system [22]. Here, being driven by an
external microwave field from the waveguide, the cavity field
has its state vary over time and hence redistributes the entan-
glement among the qubits over time.
To observe the process of the redistribution and to decide
whether the monogamous relation is obeyed, we consider an
initial state which has the cavity mostly populated to initi-
ate the entanglement. With full population at the one-photon
state, i.e. |ψ(0)〉 = |φ0, 1〉, the distributed entanglement mea-
sured by the 4-tangle, as shown in Fig. 2, reaches a satu-
rated value after the cavity field synchronizes the evolution
of the qubits [31]. The saturated value is defined as the peri-
odic peak obtainable by the 4-tangle and the synchronization
duration is then the time between the start of the entangle-
ment and the moment at which the first one of such peaks ap-
pears. Besides the rising time and the saturated value, the syn-
chronization pattern is typical whether the couplings among
the qubits are homogeneous or inhomogeneous. In the plot,
we used experimentally accessible transition frequencies of
transmon qubits at ΩL/2pi = ΩR/2pi = 6.112 GHz and,
to account for the discrepancies at fabrication [33], have let
ΩM/2pi = 6.111 GHz. The cavity is slightly detuned from
the qubits at ωc/2pi = 6.13 GHz. The microwave field in
the waveguide drives the cavity at εD/2pi = 200 kHz and
propagates at ωD/2pi = 6.11 GHz. For the homogeneous
case, the coupling strength is set to ην/2pi = 300 MHz
for all ν among {L,M,R}; for the inhomogeneous case,
ηL/2pi = ηR/2pi = 300 MHz and ηM/2pi = 150 MHz.
The differing aspects in the two scenarios is that homogeneous
coupling permits a greater saturated 4-tangle at the expense of
a slower rising time.
IV. PERIODICITY IN MONOGAMY
From Fig. 2, we also observe periodicity in the variation,
akin to the vanishing and revival effects observed in other en-
tanglement studies [19], albeit neither case has the entangle-
ment measure completely vanish where the monogamy rela-
tion would reduce to its equality limit. We find that the evo-
lution of the 4-tangle in the quadripartite system is highly
dependent on the initial state. With a slight alteration to
the cavity photon, by letting β0,1 =
√
0.8 while having
qubit L slightly initially inverted with β4,0 = β4,1 =
√
0.1,
the monogamy equality can be asymptotically achieved,
where the periodicity depends on both the absolute coupling
strengths (ηL, ηM , and ηR) and the relative coupling strength
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FIG. 2. 4-tangle initiated from a populated one-photon state at the
cavity field, |ψ(0)〉 = |g, g, g, 1〉, which shows a finite duration
of synchronization (up to the dashed line) before the entanglement
reaches a saturated value. The saturation signifies the completion of
synchronization, which are visible for both a homogeneous coupling
scenario (blue curve) and an inhomogeneous coupling scenario (red
curve). The parameters used in generating the plot are given in the
text.
(ratios of the η’s).
To be precise, we introduce the dimensionless parameter
λ = ηM/ηL, with ηL = ηR for the relative coupling strength,
and first consider the homogeneous coupling scenario, i.e.
λ = 1. As shown in Fig. 3, the time evolution of the 4-tangle
follows the pattern of Fig. 2 for all ηM , which demonstrate pe-
riodic vanishing and revival patterns after a short duration of
rising from initial zero value. Throughout, the alternating-sign
sum of concurrences is found to be always non-negative, pre-
serving the monogamy inequality |H(t)|2 > 0 in Eq. (6). Fur-
thermore, irrespective of the coupling strength, the monogamy
equality limit |H(t)|2 = 0 is reached at the same time instants.
With the same system parameters as in Fig. 2, the period τ
is measured at 0.348µs. The amplitude of 4-tangle |H(t)|2
monotonically follows the coupling strength ηM .
For the inhomogeneous scenario, which can be imple-
mented by removing the qubit M from the antinode of the
cavity field as indicated in Fig. 1, the periodic patterns of the
4-tangle evolution remain demonstrated, as shown in Fig. 4.
In the plot, the coupling strengths ηL/2pi and ηR/2pi are let
fixed at 300 MHz, while the relative coupling parameter λ
takes the values 0.05, 0.5, and 1. The unity case (given by
the blue curve) indicates the homogeneous coupling and is
the same of the one shown in Fig. 3. Using it as a reference,
we observe that lowering λ and thereby permitting inhomo-
geneous excitation to the middle qubit leads to a monotonic
decrease in the oscillating amplitude of the entanglement, but
the period of oscillation is affected in a non-monotonic way.
During the evolution, the amplitude of oscillation in the 4-
tangle varies over time while the period between one asymp-
totic vanishing and the next remains fixed. When λ is re-
duced from 1 to 0.5, the maximum amplitude decreases to
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FIG. 3. Time evolutions of the 4-tangle for three different homo-
geneous (λ = 1) coupling strengths: ηM/2pi = 300 MHz (blue
curve), 400MHz (orange curve), and 500MHz (green curve). When
all three qubits stay at the adjacent antinodes of the cavity field, the
period of the 4-tangle is not affected by the magnitude of ηM but the
peak value of the 4-tangle increases with ηM .
about half the original amplitude while the period τ is re-
duced from 0.382µs to 0.193µs. When λ is further reduced
from 0.5 to 0.05, the maximum amplitude is reduced by about
95%, whereas the period τ , on the contrary, increases from
0.193µs to 0.428µs.
benefit from the inhomogeneous of qubit locations
Overall, to determine the nonlinear relationship between
the period τ and the parameter λ that characterizes the in-
homogeneity among the qubit couplings, we have computed
the evolutions of the 4-tangle when λ varies between zero and
one over the coupling strength ηL and extract the periods from
the plots for different combinations of λ and ηL. As shown in
Fig. 5, we mark each extracted period as a data point, which is
color- and symbol-coded as in Fig. 5(a), and binned the data
points into slots each differing from the neighboring slot by
0.025, within which the values of the data points are summed
as in Fig. 5(b). For each slot of λ, ηL/2pi varies between
300 MHz and 500 MHz at 10 MHz intervals and the other
system parameters remain identical to those used in the fig-
ures above. We observe that, statistically speaking, the pe-
riod of vanishing and revival of the entanglement maximizes
at λ ≈ 0.35, while minimizes at λ ≈ 0.925.
To obtain a better resolution of the variation of period τ
against ηL, we have further conducted simulations running at
5 MHz intervals for ηL, while retaining an interval of 0.025
along the λ-axis, and summarize the results in the contour
plot in Fig. 6. The period τ is log-scaled and plotted in color
against λ and ηL. First, verifying the findings from Fig. 5, τ
maximizes at the inhomogeneous couplings of λ ≈ 0.35while
minimizes at the two ends and the middleway of λ. Secondly,
at the maximizing values of λ, the dependence of τ on the
absolute coupling ηL is not uniform, showing also a nonlin-
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FIG. 4. Time evolutions of 4-tangle for three different cases λ =
0.05 (yellow curve), λ = 0.5 (orange curve), and λ = 1 (blue curve)
of homogeneity in coupling where ηL/2pi = ηR/2pi = 300 MHz.
The periodicity in death and revival of entanglement is prevalent for
both the homogeneous coupling (λ = 1) and the inhomogeneous
couplings (λ = 0.5 and 0.05). Out of the three cases shown, the
period τ for λ = 0.05 is the largest and that for λ = 0.5 is the
smallest, showing a nonlinear relation between τ and λ.
ear relationship. Therefore, if one considers prolonging the
duration of entanglement for the purpose of processing quan-
tum information in a multi-qubit system, uniform couplings
among the qubits are not necessarily beneficial. Rather, inho-
mogeneous coupling peculiar to the system setting can pro-
vide a means of assistance. For example, for the quadripar-
tite qubit-cavity system under study, given the same transmon
qubit transition frequencies as in Sec. IIIA, the longest pe-
riod τ appears at ηL/2pi = 485 MHz and λ = 0.375. For a
stripline cavity of length 24mm [34], this signifies a setup that
prolongs the duration of entanglement by moving the middle
qubit as shown in Fig. 1 to the position 4.53 mm from the
center antinode.
V. CONCLUSIONS
We have studied the dynamic evolution of the 4-tangle,
which measures the degree of separation of the monogamous
entanglements from the group entanglements, for a three-
qubit cavity QED system. We find that the 4-tangle through-
out the interactive evolution of the qubits is guaranteed non-
negative. In addition, this degree of separation does not re-
main static and exhibits periodic rising and vanishment, where
the period has a nonlinear dependence on the qubit-cavity
coupling strengths and their homogeneity. In particular, the
period becomes longer when the coupling strengths become
inhomogeneous and thus the qubit population inversions be-
come asynchronous. Hence, we conclude that qubits in cav-
ity QED systems benefit from the inhomogeneous couplings
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FIG. 5. (a) Period of the 4-tangle variation as a function of the rela-
tive coupling λ. Each data point is obtained from a simulation con-
ducted as in Fig. 4 by varying λ at different coupling strength ηL/2pi,
ranging from 300 MHz to 500 MHz, at 10 MHz intervals. The data
points are differentiated by both color and symbols used: those be-
tween 300MHz to 330MHz are colored red, between 340MHz and
370 MHz green, between 380 MHz and 410 MHz yellow, between
420 MHz and 450 MHz blue, and between 460 MHz and 490 MHz
purple. Those of 500 MHz are colored pink. The symbols within
each band follow the order {+,©, ∗,♦}, from small to large. (b)
Histogram of the slotted or binned values of λ, where the periods
within each column shown in (a) are summed into separate slots.
when particular entanglement measures are targeted.
ACKNOWLEDGMENTS
H. I. thanks the support by the Science and Technology
Development Fund, Macau SAR (File no. 0130/2019/A3)
and by University of Macau (MYRG2018-00088-IAPME).
F. N. acknowledges support from the MURI Center for Dy-
namic Magneto-Optics via the Air Force Office of Scien-
tific Research (AFOSR) Grant No. FA9550-14-1- 0040, the
Army Research Office (ARO) under Grant No. W911NF-18-
1-0358, the Asian Office of Aerospace Research and Devel-
opment (AOARD) Grant No. FA2386- 18-1-4045, the Japan
300 350 400 450 500
0
0.2
0.4
0.6
0.8
1
10-8
10-7
10-6
10-5
FIG. 6. The filled contour map measuring the 4-tangle on a log-
scaled color axis against the absolute coupling strength ηL on the
horizontal axis and the relative coupling λ on the vertical axis.
Science and Technology Agency (JST) through the Q-LEAP
program and CREST Grant No. JPMJCR1676, the Japan So-
ciety for the Promotion of Science (JSPS) through the JSPS-
RFBR Grant No. 17-52- 50023 and the JSPS-FWO Grant No.
VS.059.18N, the RIKEN-AIST Challenge Research Fund,
and the NTT Physics & Informatics Labs.
[1] Wootters W K 1998 Phys. Rev. Lett. 80 2245
[2] Regula B and Adesso G 2016 Entanglement Quantification
Made Easy: Polynomial Measures Invariant under Convex De-
composition Phys. Rev. Lett. 116 070504
[3] Horodecki R, Horodecki P, Horodecki M and Horodecki K
2009 Quantum entanglement Rev. Mod. Phys. 81 865–942
[4] Coffman V, Kundu J and Wootters W K 2000 Distributed en-
tanglement Phys. Rev. A 61 052306
[5] de Oliveira T R, Cornelio M F and Fanchini F F 2014
Monogamy of entanglement of formation Phys. Rev. A 89
034303
[6] Bai Y-K, Xu Y-F and Wang Z D 2014 General Monogamy Re-
lation for the Entanglement of Formation inMultiqubit Systems
Phys. Rev. Lett. 113 100503
[7] Eltschka C and Siewert J 2015 Monogamy Equalities for Qubit
Entanglement from Lorentz Invariance Phys. Rev. Lett. 114
140402
[8] Liu F 2016 Monogamy Relations for Squared Entanglement
Negativity Commun. Theor. Phys. 66 407–410
[9] Allen G W and Meyer D A 2017 Polynomial Monogamy Rela-
tions for Entanglement Negativity Phys. Rev. Lett. 118 080402
[10] Mintert F, Kus´ M and Buchleitner A 2005 Concurrence of
Mixed Multipartite Quantum States Phys. Rev. Lett. 95 260502
[11] Mintert F, Carvalho A R R, Kus M and Buchleitner A 2005
Measures and dynamics of entangled states Physics Reports
415 207–59
6[12] Osborne T J and Verstraete F 2006 General Monogamy Inequal-
ity for Bipartite Qubit Entanglement Phys. Rev. Lett. 96 220503
[13] Cornelio M F 2013 Multipartite monogamy of the concurrence
Phys. Rev. A 87 032330
[14] Ou Y-C, Fan H and Fei S-M 2008 Proper monogamy inequality
for arbitrary pure quantum states Phys. Rev. A 78 012311
[15] Du¨r W, Vidal G and Cirac J I 2000 Three qubits can be entan-
gled in two inequivalent ways Phys. Rev. A 62 062314
[16] Regula B, Osterloh A and Adesso G 2016 Strong monogamy
inequalities for four qubits Phys. Rev. A 93 052338
[17] Gartzke S and Osterloh A 2018 Generalized W state of four
qubits with exclusively the three-tangle Phys. Rev. A 98 052307
[18] Yu T and Eberly J H 2004 Finite-Time Disentanglement Via
Spontaneous Emission Phys. Rev. Lett. 93 140404
[19] Yu T and Eberly J H 2009 Sudden Death of Entanglement Sci-
ence 323 598–601
[20] Ficek Z and Tanas´ R 2006 Dark periods and revivals of entan-
glement in a two-qubit system Phys. Rev. A 74 024304
[21] Dukalski M and Blanter Ya M 2010 Periodic revival of entan-
glement of two strongly driven qubits in a dissipative cavity
Phys. Rev. A 82 052330
[22] Huan T, Zhou R and Ian H 2015 Dynamic entanglement trans-
fer in a double-cavity optomechanical system Phys. Rev. A 92
022301
[23] Wang G, Huang L, Lai Y-C and Grebogi C 2014 Nonlinear
Dynamics and Quantum Entanglement in Optomechanical Sys-
tems Phys. Rev. Lett. 112 110406
[24] Xu J-S, Li C-F, Gong M, Zou X-B, Shi C-H, Chen G and Guo
G-C 2010 Experimental Demonstration of Photonic Entangle-
ment Collapse and Revival Phys. Rev. Lett. 104 100502
[25] Wang F, Hou P-Y, Huang Y-Y, Zhang W-G, Ouyang X-L, Wang
X, Huang X-Z, Zhang H-L, He L, Chang X-Y and Duan L-M
2018 Observation of entanglement sudden death and rebirth by
controlling a solid-state spin bath Phys. Rev. B 98 064306
[26] Ian H, Liu Y-X and Nori F 2012 Excitation spectrum for an
inhomogeneously dipole-field-coupled superconducting qubit
chain Phys. Rev. A 85 053833
[27] Ian H and Liu Y-X 2014 Cavity polariton in a quasilattice of
qubits and its selective radiation Physical Review A 89 043804
[28] Gu X, Kockum A F, Miranowicz A, Liu Y and Nori F 2017
Microwave photonics with superconducting quantum circuits
Phys. Rep. 718–719 1–102
[29] Majer J, Chow J M, Gambetta J M, Koch J, Johnson B R,
Schreier J A, Frunzio L, Schuster D I, Houck A A, Wallraff
A, Blais A, Devoret M H, Girvin S M and Schoelkopf R J 2007
Coupling superconducting qubits via a cavity bus Nature 449
443–7
[30] Ian H 2016 Quasi-lattices of qubits for generating inequivalent
multipartite entanglements EPL 114 50005
[31] Huan T, Zhou R and Ian H 2020 Synchronization of two cavity-
coupled qubits measured by entanglement arXiv:1606.07209
[32] Børkje K, Nunnenkamp A, Teufel J D and Girvin SM 2013 Sig-
natures of Nonlinear Cavity Optomechanics in the Weak Cou-
pling Regime Phys. Rev. Lett. 111 053603
[33] Fink J M, Bianchetti R, Baur M, Go¨ppl M, Steffen L, Filipp
S, Leek P J, Blais A and Wallraff A 2009 Dressed Collective
Qubit States and the Tavis-Cummings Model in Circuit QED
Phys. Rev. Lett. 103 083601
[34] Wallraff A, Schuster D I, Blais A, Frunzio L, Huang R-S, Majer
J, Kumar S, Girvin S M and Schoelkopf R J 2004 Strong cou-
pling of a single photon to a superconducting qubit using circuit
quantum electrodynamics Nature 431 162–7
